This paper presents a high-conversion gain, low-power, folded CMOS mixer for ZigBee application in 2.4 GHz of user bandwidth. The proposed mixer adapts current reuse technique to increase the conversion gain while substantially reducing the DC power dissipation. The current from LO stage is reused at the transconductance stage to reduce the power consumption. This mixer is verified in 0.13 μm standard CMOS technology. The simulation result exhibits a high-conversion gain performance (CG) of 10 dB, 1 dB compression point (P1 dB) of -13.43 dBm, third-order intercept point (IIP3) of -4.3 dBm, and a noise figure of 16.67 dB. The circuit draws 675 μA current from the 1.2 V of supply voltage headroom.
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INTRODUCTION
Due to its inherent property of frequency translation, down-converter mixer is an important block in wireless receiver. Significant research output has been reported in low-power implementation catering for the various needs of application, especially in wireless sensor network (WSN) [1] . ZigBee is a specification based on IEEE 802.15.4 regulation which was developed for low-power and low-data rate application such as WSN. This standard operates in the frequency range of 2.4 to 2.4835 GHz with a data rate of 250 kbps and minimum sensitivity requirement of -85 dBm [2, 3] . Direct conversion receiver is the preferred choice of adaptation as it saves power, is low in cost, and is suitable for system-on-chip integration [1] .
Current bleeding architecture is an intriguing topology for high-performance mixer in the context of linearity and conversion gain enhancement [4] . In the proposed current bleeding topology, the current is branched out in controlling the amount of DC current through the transconductance stage and switching stage, independently. This technique would allow less current to flow through the switching stage and thus reducing the C gs (gate-source capacitance) of the switching transistors which would substantially increase the switching efficiency [4] . As less current flows through the switching stage, the output load resistance can as well be increased, improving mixer conversions gain [5] .
Current-reused bleeding mixer is an alternative of low-power mixer that reuses the current at the bleeding stage to improve its conversion gain [5] . The RF input from the transconductance stage is connected to the input of the bleeding stage to enhance the total transconductance current.
Continuous technology scaling with a proportional voltage headroom reduction outlays a challenge in designing the mixer with limited supply voltage headroom. Folded cascode mixer has been taken to the task to overcome this issue [6] . The switching stage of mixer is folded into the transconductance stage where both switching and transconductance stages run in parallel. This topology will optimize the voltage headroom that a mixer requires to operate [6] .
In this paper, a high-conversion gain, low-power mixer is proposed. In this work, the current from the LO switching stage is reused and the signal is ac coupled to the RF transconductance stage to improve its conversion gain. The proposed architecture is simulated in 0.13-m standard CMOS technology. The insights of the mixer architecture and operation are discussed in section 2. The RC-extracted simulation result and analysis are reported in section 3. Finally, the conclusion is drawn in section 4.
PROPOSED MIXER
The proposed single balanced mixer is illustrated in Figure 1 . The transistors are biased in saturation region. The LO bias current is set to be around 40% of the total current to achieve an optimum conversion gain and noise figure (NF). From the circuit in Figure 1 , PMOS transistors, M 1 , and M 2 are used as switching transistors as PMOS devices exhibit lower flicker noise corner [3] . Transistors M 3 and M 5 form the transconductance stage of the mixer. Transistor M 5 is folded into the LO stage to reduce the DC voltage headroom.
The current from LO stage is reused as transconductance current by the transistor M 3 as the gate of this transistor is connected to RF input. The AC current at node V m is coupled to node V x through AC-coupling capacitor, C 5 . Since both AC current at node V m and V x are at the same phase, they will add constructively to form the total AC transconductance current, I AC as given by (1)
where, g m3 and g m5 are the transconductance for transistor M 3 and M 5, respectively, I AC is the sum of ac current at node V x, and V RF is the RF input voltage. The ac current, I AC , is converted to ac voltage at node V x by the equivalent parallel resistance of the LC tank, which is around 280 Ω at 2.393 GHz.
where, R LC is the equivalent parallel resistance of the LC tank.
Transistor M 4 has been integrated and cascoded between the switching and transconductance stage to improve the LO-RF isolation [7] . V y is a high-impedance node that is able to provide better isolation between LO and RF port. This transistor also enables the common-mode feedback (CMFB) for the mixer. The mixer output is in negative feedback configuration and would maintain a DC voltage of about 0.65 V across process and temperature variation. Any changes to the DC voltage at the differential output would be sensed at node V z and reverted back to the input gate of transistor M 4 , which is configured to be in a CMFB compensation mode to reduce the variation at the output. The AC voltage at the source of transistor M 4 will deliver an AC RF current at node V y , which mixes up with the LO switching current.
where, g m4 is the transconductance for transistor M 4 and I RF is the total RF transconductance current before mixing with LO current.
The mixer conversion gain is dependent on the transconductance of transistor M 3 and M 5 and the output resistance of R 1 and R 2 . Although a significant amount of current is diverted to the transconductance stage, the LO stage bias current is reduced, further encouraging a larger value of resistances R 1 and R 2 . The conversion gain proportionally increases with resistance and is given by:
At the IF output, R 1 -C 3 and R 2 -C 4 form a low pass filter, filtering the output high-order mixing spurs. L 1 and C 1 act as resonators that resonate at 2.4 GHz.
SIMULATION AND ANALYSIS OF PROPOSED MIXER
Layout parasitic extraction was executed for the proposed architecture and was validated through Spectre-RF in confirming the enhancement of conversion gain through the current reuse adaptation. AC-coupling capacitor, C 5 , is removed to eliminate the current reuse adaptation from LO switching stage as a comparative result is presented. The input of transistor M 3 and M 5 is connected to the RF input and is biased at 0.45 V. In this configuration, no current from LO switching stage will be reused at the transconductance stage. The simulation shows that the conversion gain of 6.35 dB is achieved at an IF frequency of 3 MHz and with a LO power of 0 dBm, as illustrated in Figure 2 .
Observing the current-reuse validation, capacitor C 5 is integrated between the node V x and V m . The result shows a substantial improvement for conversion gain, indicated to be 10 dB. The conversion gain has improved by 50% when adapting the current reuse from LO switching stage. High-conversion gain mixer is realized by reusing the current of transistor M 3 instead of increasing the current through M 5 as in (4) . Inherently, transistor M 4 exhibits smaller aspect dimension ratio and thus resulting in a smaller gate-drain capacitance, C gd at node V y , resulting in smaller current flow through the LO stage as compared to RF transconductance stage. By reducing the parasitic capacitance at the source node of the switching stage, V y , conversion gain would substantially increase [8] . Even though transistor M 4 has lower transconductance (g m4 ),
it is able to supply sufficient AC RF current at node V y resulting from a higher AC voltage at node V x , due to the sum of AC transconductance current of M 3 and M 5 .
Figures 3-5 illustrate the plots of the NF, dynamic range, and linearity of the current reuse mixer, respectively. The NF of the mixer is quite high at about 16.67 dB, but it is acceptable as the noise from mixer will be accumulatively reduced by the gain from the low noise amplifier in the total NF computation for the receiver front-end [9] . 
